Introduction {#ss1}
============

Wild game is an important source of food and income for the inhabitants of rural Amazonia and other tropical rainforests ([Redford 1992](#b34){ref-type="ref"}). Game species also perform important functions as herbivores, seed predators, and seed dispersers, and the absence of these animals could lead to significant ecological chain effects (e.g., [Redford 1992](#b34){ref-type="ref"}; [Fragoso & Huffman 2000](#b13){ref-type="ref"}; [Roldán & Simonetti 2001](#b38){ref-type="ref"}). For both reasons, it is problematic that game populations in tropical rainforests are being overharvested ([Redford 1992](#b34){ref-type="ref"}; [Robinson & Bennett 2000](#b35){ref-type="ref"}).

Adjusting harvest levels based on the productivity of each game species requires understanding how different harvest levels affect game populations. In that respect, two important models have been constructed. First, [Robinson and Redford (1991)](#b37){ref-type="ref"} calculated maximum sustainable yield (MSY) for Amazonian game mammals, based on species‐specific estimates of carrying capacity and intrinsic rate of natural increase (see also [Slade et al. 1998](#b43){ref-type="ref"}). The MSYs are then compared with observed harvest rates to evaluate whether these rates are sustainable. The model has been used for evaluating the sustainability of hunting in tropical forests of South America ([Alvard et al. 1997](#b1){ref-type="ref"}; [Hill & Pawde 2000](#b15){ref-type="ref"}; [Mena et al. 2000](#b22){ref-type="ref"}) and Africa ([Fa et al. 1995](#b10){ref-type="ref"}; [Fitzgibbon et al. 1995](#b11){ref-type="ref"}; [Muchaal & Ngandjui 1999](#b25){ref-type="ref"}). Second, [Bodmer](#b5){ref-type="ref"} (1994; see also [Robinson & Bodmer 1999](#b36){ref-type="ref"}; [Bodmer et al. 2000](#b6){ref-type="ref"}; [Townsend 1996](#b46){ref-type="ref"}) elaborated a model based on population‐specific birth rates and densities to calculate production values for comparison with harvest rates. A practical problem with this method is that it requires the use of labor‐intensive line transects to calculate population density.

[Milner‐Gulland and Akçakaya (2001)](#b23){ref-type="ref"} evaluated how current methods for evaluating sustainability of hunting in tropical forests performed under conditions of uncertainty, bias in parameter estimation, and habitat loss and concluded that current methods are prone to overestimate the sustainable level of harvest. These authors also point out that current methods do not incorporate spatial heterogeneity. Hunting effort in tropical forests is typically highest near human settlements. Therefore, densities of major game species tend to decrease with distance from settlements ([Robinson & Bennett 2000](#b35){ref-type="ref"}; Peres & Lake 2003). Moreover, [Townsend (1996)](#b46){ref-type="ref"}, [Begazo and Bodmer (1998)](#b4){ref-type="ref"}, and [Novaro et al. (2000)](#b27){ref-type="ref"} suggest that many areas function as source‐sink systems, where remote areas with low hunting pressure produce a surplus of animals that disperse to areas closer to settlements, where they are hunted. Thus, to understand the dynamics of the interactions between hunters and game populations, it is necessary to take into account two separate spatial phenomena: (1) uneven distribution of hunting effort, which tends to create gradients in animal densities and (2) animal dispersal, which tends to smooth out these gradients.

The approach we used is different from that of previous models. Instead of asking how much can be sustainably harvested, we asked where production can be increased. We believe that this question is relevant to the management of Amazonian wildlife because, for instance, no‐take areas have been proposed by scientists as promising management tools in situations with a high level of uncertainty (e.g., [Quinn et al. 1993](#b33){ref-type="ref"}; [Mosquera et al. 2000](#b24){ref-type="ref"}; [Milner‐Gulland & Akçakaya 2001](#b23){ref-type="ref"}; [Lockwood et al. 2002](#b19){ref-type="ref"}). Specifically, we show that hunting effort, harvest rate, and catch per unit of effort (CPUE) varied over the hunting territory of an Amazonian community. We then used this spatial gradient of hunting effort as a quasi‐experimental setting and, for each species, made a preliminary assessment of the spatial extent of overharvest, where *overharvest* means that animal density is reduced to a point where its full productive potential is not realized. Finally, we developed a spatially explicit model to evaluate how animal dispersal affects observed spatial patterns of harvest rates and CPUE.

Study Area, Species, and Hunting Methods {#ss2}
========================================

Our study area was in the Quichua community of Sarayacu (1°44′S, 77°29′W), situated in roadless land along the Bobonaza River in eastern Ecuador. The community consisted of five clustered hamlets ([Fig. 1](#f1){ref-type="fig"}) of 137 households and 960 inhabitants. The area was dominated by old‐growth tropical rainforest, except next to the settlement ([Table 1](#t1){ref-type="table"}). The elevation was 330--640 m above sea level, and local people recognized two dominant forest types, plain forest and hill forest, which were fairly evenly distributed over the area. For most terrestrial animals, the area was fairly homogenous in terms of habitat quality, an important assumption underlying the methods we used for interpreting our field data.

![*Settlements, areas used for data collection, and hunting‐effort zones. The darker the shading, the greater the hunting effort. The heavy black line delimits the area we assumed to be hunted exclusively by people from Sarayacu. For the areas outside this line, we assumed that hunters from Sarayacu hunted only half the area and that hunters from other communities hunted the other half. (Map source data: Instituto Geográfico Militar 1:50,000, ArcWorld Supplement, Environmental Systems Research Institute.)*](COBI-18-1315-g001){#f1}

###### 

**Hunting effort and land cover in the Sarayacu community for each zone (according to interpretation of a Landsat ETM+ satellite image from 2001).**

      *Zone^a^*    *Hunting*   *effort*   *(km/km^2^/year)*     *Area*   *(km^2^)*   *Old*   *forest*   *(%)^b^*   *Young*   *forest*   *(%)^b^*     *Gardens*   *(%)*
  --------------- ------------------------------------------ ---------------------- ----------------------------- ------------------------------- ---------------------
  1                                    8                               222                      99.9                            0.1                        0.0
  2                                   20                               161                      99.8                            0.2                        0.0
  3                                   34                               143                      99.0                            0.9                        0.1
  4                                   54                               148                      99.0                            0.9                        0.0
  5                                   75                               156                      98.0                            1.8                        0.1
  6                                  114                               136                      96.9                            3.0                        0.2
  7                                  285                                63                      74.6                           23.5                        1.9
  Total                               61                              1028                      97.7                            2.2                        0.2

^*a*^ *Zones pictured in* [*Fig. 1*](#f1){ref-type="fig"} *.*

^*b*^ *Old forest includes primary forest and fallows older than 20 years, whereas young forest refers to fallows younger than 20 years.*

Hunting and fishing were the most important sources of animal protein for local people. Shotguns were the dominant hunting weapons, although occasionally spears, blowguns, machetes, or stones were used. Most hunting was done by walking, sometimes with a dog, through the forest in the daytime. At night, hunters with torchlights followed waterways. Hunters also waited for animals at fallen fruit or at bait they had set, for instance when hunting large rodents and armadillos and occasionally when hunting deer and tapir. To hunt birds that sing at night, hunters first located the tree where the bird was singing and then waited there until dawn to shoot it. We recorded hunting kills of over 60 species, but we limited our analysis to the 12 most preferred game species ([Table 2](#t2){ref-type="table"}).

###### 

**Biological characteristics of study species and annual harvest and hunting methods in the Sarayacu community.^*a*^**

  *Species*                           *Annual harvest (% of total weight)*   *Average weight (kg)* ^*b*^   *Annual harvest (no.)*   *Annual harvest per MSY^c^*     *Hunting methods (% of hunting kills)*   *Maximum finite rate of increase (λ~max~)^i^*       *Home range (km^2^)^ i^*                      
  ---------------------------------- -------------------------------------- ----------------------------- ------------------------ ----------------------------- ------------------------------------------ ----------------------------------------------- ------------------------------ ---- --- ---------- ------------------------------------------------------
  *Agouti paca* (rodent)                              16.1                                7.9                       713                        0.52                                  37                                            2                                      59                0    2   1.95^5^   0.015‐0.034^13^
  *Tayassu tajacu* (ungulate)                          9.1                               20.4                       156                        0.06                                 100                                            0                                       0                 0   0   3.49^5^   1.6‐2.4^14^
  *Tapirus terrestris* (ungulate)                      8.7                              125.8                        24                        0.78                                  90                                           10                                       0                 0   0   1.22^5^   16.4^19^, 5.9/39^20^, ≤25^ \ *j*^
  *Mazama americana* (ungulate)                        8.7                               20.2                       150                        0.20                                  77                                           11                                       8                 0   5   1.49^5^   ND
  *Dasyprocta fuliginosa* (rodent)                     6.2                                4.0                       544                        0.05                                  43                                            0                                      55                 0   2   3.00^5^   ND
  *Mazama gouazoubira* (ungulate)                      4.9                               18.0                        95                        0.07                                  93                                            0                                       5                 0   3   1.63^5^   0.25‐0.34^15^
  *Tayassu pecari* (ungulate)                          4.4                               32.0                        48                        0.05                                 100                                            0                                       0                 0   0   2.32^5^   21.8‐109.6^12^, nomadic/migratory^10^
  *Lagothrix lagotricha* (primate)                     3.3                                5.8                       200                        0.78                                  99                                            0                                       0                 0   1   1.15^5^   7.6^9^, \>8.6^7^, 1.7^8^, 3.5^2^, 7.4^3^, 3.5‐4.5^4^
  *Nothocrax urumutum* (bird)                          3.3                                1.7                       672                         ND                                   64                                            0                                       0                36   0      ND     ND
  *Alouatta seniculus* (primate)                       1.3                                7.0                        66                        0.16                                  96                                            0                                       0                 0   4   1.17^5^   up to 1.8^21^, 0.22^1^
  *Mitu salvini* (bird)                                0.3                                3.1                        39                         ND                                   72                                            0                                       0                22   6   1.46^11^  1.5^18^
  *Ateles belzebuth* (primate)                         0.2                                6.8                         8                        0.04                                 100                                            0                                       0                 0   0   1.08^5^   2.8^22^

^*a*^ *Abbreviation: ND, no data.*

^*b*^ *Based on refercences 16 and 17 (see footnote i) and our own data.*

^*c*^ *Annual divided by maximum sustainable yield (MSY) according to reference 5 (see footnote i).*

^*d*^ *Hunts realized while walking carrying a shotgun, regardless of the primary purpose of the trip.*

^*e*^ *Originally defined as canoe trips with the specific purpose of hunting. Because of some confusion among field assistants and among recording hunters, this also includes some hunts realized by foot along small creeks and some hunts realized in connection with canoe trips with a specific purpose other than hunting.*

^*f*^ *Waiting at fallen fruit or a bait, such as a bunch of bananas.*

^*g*^ *Waiting until dawn under the tree of a singing bird.*

^*h*^ *Hunts of animals encountered when not carrying a shotgun. In some cases animals were killed with a harpoon or machete. In other cases the hunter ran to a nearby house to get a shotgun.*

^*i*^ *1, S.J.C. Gaulin & C.K. Gaulin, quoted in reference 6; 2, P. Soini 1986, quoted in reference 9; 3, T.R. Defler, quoted in reference 6; 4, A. Nishimura 1990, quoted in reference 6; 5, Robinson & Redford 1990; 6,* [*Strier 1992*](#b44){ref-type="ref"} *; 7, C.A. Peres 1994, quoted in reference 9; 8, D.P.R Stevenson 1994, quoted in reference 9; 9,* [*Defler 1996*](#b8){ref-type="ref"} *; 10,* [*Peres 1996*](#b30){ref-type="ref"} *; 11, Bezago & Bodmer 1998; 12,* [*Fragoso 1998*](#b12){ref-type="ref"} *; 13,* [*Beck‐King & Beck‐King 1999*](#b3){ref-type="ref"} *; 14,* [*Judas & Henry 1999*](#b17){ref-type="ref"} *; 15,* [*Barrientos‐Segundo & Maffei 2000*](#b2){ref-type="ref"} *; 16,* [*Mena 2000*](#b22){ref-type="ref"} *; 17,* [*Peres 2000*](#b31){ref-type="ref"} *; 18, Santamaria & Franco 2000; 19,* [*Herrera & Taber 2001*](#b14){ref-type="ref"} *; 20,* [*Medici et al. 2001*](#b21){ref-type="ref"} *; 21,* [*Palacios & Rodriguez 2001*](#b29){ref-type="ref"} *; 22,* [*Suarez 2002*](#b45){ref-type="ref"} *.*

^*j*^ *Based on observations of a tagged, free‐ranging, semiwild tapir in our study area.*

Methods {#ss3}
=======

Field Study {#ss3-1}
-----------

Volunteer community members reported on hunting activities. Primarily, we used the household as our sampling unit because this provided a sample of both frequent and occasional hunters. Random sampling was not an option because some people initially regarded the project with suspicion and could have misinterpreted a random selection of their households as an attempt of coercion. Avoiding such potential sources of conflict was particularly important because the fieldwork coincided with a period of extreme social tension related to planned oil‐prospecting activities in the area. Therefore, because sampling was based on voluntary participation, we could have a skewed sample. To control for this possibility, we asked key informants from each hamlet to group the households into four categories according to their level of hunting activity: (1) do not hunt, (2) hunt little, (3) hunt much nearby, or (4) hunt much far away. This grouping showed that households of all categories, except that of do not hunt, were fairly equally represented among participants. Excluding the households that do not hunt, 122 households remained. Out of these, 85 households (70%) participated in the study. We are therefore confident that the participating households constitute a representative sample of the community.

At the start of the study, participating households received a form for reporting their hunting activities. One person, usually the most active hunter in the household, recorded his own hunting activities and those of other household members. After 8 months of data collection, we recruited field assistants in each hamlet to collect data. Most assistants had previously been in charge of reporting hunting activities from their own household and were selected because they had shown particular skills and interest in the study. The assistants were 16--35 years old and had primary or secondary schooling. They were also employed in other research activities, and various training events were arranged to increase their skill. On a rotational basis, A.S. and J.M. accompanied the assistants to supervise their work. Occasionally, assistants switched duties, collecting data forms in hamlets other than their own.

One side of the form featured a map of the community territory and its surroundings divided into 145 areas, each with a unique number, that were similar in size and had limits represented by well‐defined terrain features. Out of these 145 areas, we excluded 48 from the analysis because interviews with key informants showed that these were principally used by hunters from neighboring communities. On the map, hunters drew the trajectories traveled while hunting and marked with a cross places where they used sit‐and‐wait hunting methods. Later, we measured trajectories with a ruler in order to use the trajectory length as a measure of hunting effort in each area. The other side of the form contained drawings of 58 game animals, with the local name and columns for indicating the area number, hunting method (according to categories indicated in [Table 2](#t2){ref-type="table"}), and habitat. The drawings made it possible for illiterate people to indicate the number of animals hunted by putting crosses next to the animal. When collecting the forms, about every 2 weeks, we performed detailed interviews to double‐check and complement the recorded information.

Because of an annual hunting festival and adjustments in the sampling regime half‐way through the study, we had three data sets: nonfestival, festival, and large animals. The nonfestival data set was collected from May 1999 to July 2000 and includes all regular hunting activities by the participating households. During this period, participating households in hamlets changed about every 3 months, usually in connection to hamlet workshops, where we presented results and treated issues related to the project. The sample was geographically stratified because the number of participating households from each hamlet was roughly proportional to the total number of households in the hamlet. Similarly, during school vacations, when households move to secondary homes to enjoy better hunting and fishing, households were grouped into eight geographical zones. The number of households in the sample increased with time from 14 to 24. To avoid bias due to variation in sample size between seasons, we applied month‐specific weighting factors when converting the harvest data to an estimate of annual harvest in each area.

Prior to the hunting festival, groups of hunters belonging to three festival houses spend about a week going to the remotest corners of the community territory to hunt huge amounts of game. So we collected data at the individual rather than household level during festival time. Out of 48 festival hunters, 40 reported their hunting activities, providing a weighting factor of 1.2 for estimating annual harvest rates for festival hunting. At the same time we collected the festival data, recording of hunting activities not directly related to the festival continued as usual. To estimate total annual harvest, we added annual harvest rates from the two data sets, festival and nonfestival.

After 1 year of data collection, we had sufficient data on hunting effort and harvest of most small species but insufficient data for larger species. Therefore, from April 2000 to April 2001, we collected data on large animals by using a simplified form featuring all 12 species except *A. paca*, *D. fuliginosa*, and *N. urumutum* and asking for data only on harvest and not on hunting effort. We assumed our results on hunting effort from the first year could be extrapolated to the following year. The sample size for this data set was 35--40 households but varied between hamlets, such that we applied hamlet‐specific weighting factors when calculating annual harvest rates.

For species not included in the large‐animal data set, all calculations were based only on the nonfestival and festival data sets, which included data from 7532 household‐participation days (the sum of the number of days each household participated) and 12,716 km walked by hunters. For the species included in the large‐animal data set, the annual harvest was calculated as a weighted (according to the number of household participation days) average of one estimate based on the nonfestival and festival data sets and another estimate based on the large‐animal data set. Together, this included data from 20,800 household‐participation days and approximately 35,000 km walked by hunters.

Because the majority of recorded hunting kills were made when hunters were walking ([Table 2](#t2){ref-type="table"}), we used the kilometers walked per square kilometer per year as a measure of hunting effort in each area. Other researchers have used time rather than distance as a measure of hunting effort in tropical forests (e.g., [Vickers 1988](#b48){ref-type="ref"}; [De Souza‐Mezurek et al. 2000](#b9){ref-type="ref"}), but this was not possible because of the high spatial resolution of our data collection. To aggregate the areas into hunting effort zones, we first smoothed the hunting effort with geographic information system software. We converted the map into a grid of cells of 250 × 250 m, in which each cell was assigned the average hunting effort of all cells within the surrounding 8 × 8 km square. We calculated the smoothed value for each area as the average value for all cells within the area. Finally, areas were grouped into seven zones according to hunting effort: zone 1 had the lowest hunting effort and zone 7 the highest ([Fig. 1](#f1){ref-type="fig"}). Hunting effort for each zone was calculated by summing the original (unsmoothed) values for all the areas within a zone and dividing by the total area of the zone.

Harvest rates were calculated as annual harvest in a zone divided by its area in square kilometers. Catch per unit effort (CPUE) was calculated as the number of killed individuals in a zone divided by hunting effort. We used CPUE as a proxy for population density, as is commonly done in studies of fish (e.g., [Salthaug & Godø 2001](#b40){ref-type="ref"}; [Marchal et al. 2002](#b20){ref-type="ref"}) and occasionally in studies of game mammals ([Novak et al. 1991](#b26){ref-type="ref"}; [Lancia et al. 1996](#b18){ref-type="ref"}). Using CPUE as a proxy for density rests on the assumption that an animal encounter always leads to a hunting attempt, which is fairly reasonable for the 12 species we examined. For *A. paca*, *D. fuliginosa*, *N. urumutum*, and *M. salvini*, which were frequently hunted using sit‐and‐wait methods, only hunting kills achieved when walking were included in the calculations of CPUE. For other species, particularly *Mazama* spp., *T. terrestris*, and *M. salvini*, even when these species had been hunted with sit‐and‐wait methods, the actual encounter (finding tracks or hearing song) occurred while walking. Therefore, all hunting kills of these species, regardless of method, were included in the calculations of CPUE.

For each species, we examined harvest rate as a function of hunting effort and CPUE as a function of effort. To interpret these data, we performed linear regressions on harvest rate versus hunting effort and on ln(CPUE) versus ln(hunting effort). The log transformation in the latter regression was used because of the obvious nonlinearity in the data. A decreasing harvest rate with increasing hunting effort indicates overharvest because the local population is reduced below the density that yields maximum production. Also, decreasing CPUE with increasing hunting effort indicates that hunting reduces population densities, and, when this decrease is substantial, it may indicate overharvesting.

Model of Spatial Interactions between Hunter and Prey {#ss3-2}
-----------------------------------------------------

To determine whether observed patterns could be affected by animal dispersal, we developed a spatially explicit model of hunter‐prey interactions that mimicked the hunting practices in the village. With this model, we evaluated the role of animal dispersal and total hunting intensities on the spatial distribution of CPUE and harvest rates.

We used a standard, discrete‐time population model ([Yodzis 1989](#b50){ref-type="ref"}) to which we added spatial structure (for a similar continuous‐time model, see [Quinn et al. 1993](#b33){ref-type="ref"}). Spatial structure was introduced by separating the area into 100 patches that were linearly connected (results are independent of the number of patches and the specific location of patches relative to each other). Within each patch, population dynamics depended on the local reproduction, the number of animals killed, and the number of animals migrating to and from the patch. Mathematically, the different processes were entered sequentially into the model, and the dynamics of individuals (*N*) in patch *i* from time *t* to *t*+ 1 were then described as where *E~i~* is the emigration probability from patch *i*, *H~i~* is the proportion killed in patch *i*, *R~i~*(*N~i,t~*) is the density‐dependent reproductive rate, and the last term is the sum of immigration from other patches.

To make the model specific to the problem, we made the following additional assumptions: (1) prey birth rates were density‐dependent as a logistic growth function; (2) hunting effort was normally distributed, with the highest effort at the village in the center ([Fig. 2](#f2){ref-type="fig"}); and (3) most dispersal was local, with a smaller number of long‐range dispersers, as is known for both mammals and birds ([Waser 1987](#b49){ref-type="ref"}; [Turchin 1998](#b47){ref-type="ref"}). We assumed that the redistribution of individuals followed a Gaussian distribution similar to dispersal functions used in fisheries management models ([Quinn et al. 1993](#b33){ref-type="ref"}; [Lockwood et al. 2002](#b19){ref-type="ref"}).

![*Spatial distribution of hunting effort in the Sarayacu community. The x‐axis represents the mean distance of each hunting‐effort zone from the center of the community if the hunting‐effort zones were organized as concentric rings (compare with* [*Fig. 1*](#f1){ref-type="fig"} *for true spatial organization of hunting effort zones). Crosses indicate empirical values, and squares indicate predicted values from a normal distribution with the same total hunting intensity.*](COBI-18-1315-g002){#f2}

We introduced these assumptions into [Eq. 1](#m1){ref-type="disp-formula"} in the following way. First, local birth rates were assumed to depend on local density according to a standard logistic growth function, where *r* is the maximum number of offspring per individual, *K* is the maximum number of individuals per patch, and β is a parameter describing the shape of the density dependence. Second, local hunting effort (*h*) was modeled as a Gaussian distribution, where *h* ~max~ is the hunting intensity at the area center, *s* is the standard deviation of the distribution in hunting intensity, *z* is the distance from the village, and *a* is a parameter describing the probability of discovering and killing an animal in the patch. Assuming a standard type I functional response ([Yodzis 1989](#b50){ref-type="ref"}), local hunting effort was transformed to the proportion of surviving animals (*S~i~*) as

Third, we assumed that the redistribution of animals followed a Gaussian distribution, where *E* is the probability of dispersing *x* distance units from the previous position and *d* is a space‐independent dispersal rate. Dispersal here means the redistribution of individuals over time (sensu [Turchin 1998](#b47){ref-type="ref"}) and does not necessarily correspond to speed of movement or similar physical measures. When calculating the redistribution, we assumed that there was no net migration across area borders.

We started each simulation with animal densities at carrying capacity and ran it 100 time units, at which point the total number and the distribution had stabilized. Through simulations, we explored a range of hunting intensities , animal dispersal rates , and maximum birth rates , while keeping the remaining parameters fixed .

Results {#ss4}
=======

Field Study {#ss4-1}
-----------

Hunting effort was 37 times higher in the central area (zone 7) than in the most remote area (zone 1), and the distribution of hunting effort in space approximately followed a Gaussian distribution ([Fig. 2](#f2){ref-type="fig"}). According to the results of the regression analysis, we divided the species into four groups, representing different degrees of overharvesting.

Group 1 (*L. lagotricha*) was the most overharvested ([Fig. 3a & 3b](#f3){ref-type="fig"}). There was a negative correlation between harvest and hunting effort and a negative correlation between CPUE and hunting effort.

###### 

*Harvest rate (graphs on the left) and catch per unit effort (CPUE, graphs on the right) as a function of local hunting effort for 12 game species hunted in the Sarayacu community. Each graph shows mean values for each of seven hunting zones, where a higher value on the x‐axis indicates a higher hunting effort. The right y‐axis in the graphs on the left show values of harvest/maximum sustainable yield as calculated according to the method of* [*Robinson and Redford (1991)*](#b37){ref-type="ref"} *. Species were divided into four groups, depending on the shape in the relation between variables. Group 1 species showed a negative relation for both harvest rate and CPUE with respect to hunting effort. Group 2 species showed a negative relation only between CPUE and hunting effort. Group 3 species showed ambiguous results. Group 4 species showed only a positive relation between harvest rate and hunting effort.*
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Group 2 species (*T. tajacu*, *T. terrestris*, *M. salvini*, *N. urumutum*, and *M. gouazoubira*) ([Fig. 3c--l](#f3){ref-type="fig"}) showed signs of overharvesting but to a smaller degree than group 1 species. Similar to group 1, there was a negative correlation between CPUE and hunting effort, but there was no correlation between harvest rate and hunting effort. Instead, harvest rate peaked at an intermediate hunting effort. The sharp decrease in CPUE values therefore occurred at higher hunting efforts for the group 2 species than for the group 1 species, indicating that populations in the zones of low hunting intensity may be less reduced by hunting.

Group 3 species (*M. americana*, *T. pecari*, and *A. seniculus*) showed ambiguous results. Similar to group 1 and 2, CPUE and hunting effort were negatively correlated for *M. americana* ([Fig. 3m](#f3){ref-type="fig"}), but there was also a positive correlation between harvest rate and effort ([Fig. 3n](#f3){ref-type="fig"}). *T. pecari* and *A. seniculus* showed no correlation for either regression ([Fig. 3o--r](#f3){ref-type="fig"}). The lack of correlation between CPUE and hunting effort may mean that species are not being overharvested, whereas the lack of correlation between harvest rate and hunting effort may indicate overharvesting. Hunters often killed several individuals of these species at the same time, however, so the results are sensitive to single hunting events.

Group IV species (*A. paca*, *D. fuliginosa*, and *A. belzebuth*; [Fig. 3s--y](#f3){ref-type="fig"}) showed no indications of overharvesting. Harvest rate and hunting effort were positively correlated, and there was no correlation between CPUE and hunting effort.

For those species showing signs of overharvesting (groups 1 and 2), we visually examined where each species was overharvested based on the criterion that CPUE should be considerably less than 60% of the maximum CPUE (see [Robinson & Redford 1991](#b37){ref-type="ref"}). According to this criterion, all group 2 species are overharvested in zones 6 and 7 and in some cases also in zones 4 and 5 (*T. tajacu* and *T. terrestris*), whereas *L. lagotricha* is overharvested in zones 2--7. Because the maximum CPUE may underestimate carrying capacity, this criterion provides only minimum estimates of the spatial extent of overharvest.

Spatial Interaction Model {#ss4-2}
-------------------------

In the model analysis, we related the total harvest for the area to the maximum total harvest at a given dispersal and reproduction rate because the maximum total harvest occurs at different levels of hunting effort for different dispersal and reproduction rates. For all scenarios, the maximum harvest occurred at an intermediate effort, and we examined three hunting scenarios in relation to the peak harvest ([Fig. 4](#f4){ref-type="fig"}): good management (90% of maximum harvest; [Fig. 5a--d](#f5){ref-type="fig"}); moderate overharvesting (80% of maximum harvest; [Fig. 5e--h](#f5){ref-type="fig"}); and severe overharvesting (20% of maximum harvest; [Fig. 5j--m](#f5){ref-type="fig"}). We selected a harvest level of less than the maximum harvest to represent good management because (1) this way total hunting effort is reduced, which is desirable for hunters per se and (2) the maximum harvest is rather unstable because a small increase in hunting effort would lead to a considerable reduction in harvest ([Fig. 4](#f4){ref-type="fig"}).

![*Distribution of total harvest in relation to hunting effort from computer simulations. The simulations used total hunting efforts corresponding to 90%, 80%, and 20% of maximum harvest for each dispersal and reproductive rate, representing good management, moderate overharvesting, and severe overharvesting. The x‐axis shows the hunting effort across the entire area. The top of the curve should not be confused with maximum sustained yield.*](COBI-18-1315-g005){#f4}

###### 

*Model output of local harvest rates and catch per unit effort in relation to local hunting effort and of the distribution of harvested individuals and the animal population density for good management (90% of maximum harvest), moderate overharvesting (80% of maximum), and severe overharvesting (20% of maximum) at three dispersal rates.*
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The analysis showed that the harvest and CPUE within each patch depended predictably on the animal dispersal and reproduction rates. When a species with a low dispersal rate was overharvested, harvest rate was highest at very low hunting effort, and there was a sharp decrease in CPUE from the minimum hunting effort to slightly higher efforts ([Fig. 5j--k](#f5){ref-type="fig"}, dotted lines). This occurred because individuals were exterminated in the heavily hunted areas around the village, and most animals were therefore killed far from the village ([Fig. 5l--m](#f5){ref-type="fig"}, dotted lines). For a well‐managed population, on the contrary, the harvest diagram is almost linearly increasing and CPUE only slightly decreased ([Fig. 5a--b](#f5){ref-type="fig"}, dotted lines).

On the other hand, when a species with a high dispersal rate was overharvested, the pattern of harvest and CPUE in relation to the local hunting effort ([Fig. 5j--k](#f5){ref-type="fig"}, solid lines) was almost indistinguishable from that for a well‐managed population ([Fig. 5a--b](#f5){ref-type="fig"}, solid lines). In these cases, there was always an almost linear relation between local hunting effort and local harvest rate, and therefore almost no relation between hunting effort and CPUE. This occurred because animals redistributed themselves much faster than depletion occurred in the heavily hunted area. At intermediate dispersal rates ([Fig. 5](#f5){ref-type="fig"}, hatched lines), the differences between a well‐managed and an overexploited population were discernible, although less apparent than at low dispersal rates.

The effect of varying the animal reproductive rate had consequences similar to those of varying the dispersal rate ([Fig. 6](#f6){ref-type="fig"}). A high reproductive rate had the same effect as a low dispersal rate on the relation between local hunting intensity and harvest, and a very low reproductive rate had roughly the same effect as a high dispersal rate. These results should be understood in light of the fact that we related total harvest to maximum harvest for a given dispersal and reproductive rate.

![*Model output of local harvest rates and catch per unit effort in relation to local hunting effort and of the distribution of harvested individuals and the animal population density for three levels of the reproductive rate (*r*) at severe overharvesting (total harvest = 20% of maximum harvest,* d *= 8).*](COBI-18-1315-g009){#f6}

Model Results Compared with Field‐Data Results {#ss4-3}
----------------------------------------------

The model analysis showed how dispersal reduced differences in population densities, moved the peak of local harvest rates toward higher hunting efforts, and therefore affected the correlation between effort and harvest rate from positive for animals with a high dispersal rate to negative for animals with a low dispersal rate. This caused CPUE at high dispersal rates to become constant across different levels of hunting effort, similar to the pattern that for species with low dispersal rate indicates no overharvesting. Also, it showed that low reproductive rates can have effects similar to those for high dispersal rates. To use the spatial pattern of harvest and CPUE to assess game depletion, one must take into account the rates of both reproduction and dispersal of a species.

Most of our study species have home ranges small enough that movements within them would not contribute to dispersal of a magnitude corresponding to that of a species with a high dispersal rate in the computer simulation ([Table 2](#t2){ref-type="table"}). This suggests that the dispersal mainly consisted of young individuals that leave their maternal home range. Consequently, high dispersal rates occur only for animals with high reproductive rates, and it is therefore unlikely that species would have both a low reproductive rate and a high dispersal rate. Most of our study species have fairly low reproductive rates ([Table 2](#t2){ref-type="table"}), meaning that only a small proportion of the population would be dispersing at any given time. It is therefore unlikely that high hunting intensity in the center of the area would depress population densities across the entire area, as it would for a severely overharvested, highly mobile species in the computer simulation ([Fig. 5j--m](#f5){ref-type="fig"}, solid lines). This supports our initial conclusions, with a few exceptions.

The most important exception is *T. pecari*, which is seen only occasionally in Sarayacu nowadays. Although the spatial pattern of harvest and CPUE suggest that this species is not overharvested, its high dispersal rate may have obscured the effects of intensive hunting. Also, *T. terrestris* has a home range large enough to span two or three hunting‐intensity zones, and the use of spatial pattern of harvest rate and CPUE as indicators probably underestimated the extent of overharvesting. Finally, the classification of *A. belzebuth* into group 4, representing species showing no signs of overharvesting, is a puzzle, given that a similar species, *L. lagotricha*, is severely overharvested. We believe that *A. belzebuth*, being a highly social species, actually increased its dispersal rate when its population density got so low that dispersing individuals had a hard time finding groups to join. The observed increase in harvest rate with increase in hunting effort therefore was probably a result of a high dispersal rate. Thus, contrary to the initial conclusion, this species actually may be critically overharvested.

Discussion {#ss5}
==========

We have shown how the status of hunted animal species in Amazonia can be assessed based on knowledge about animal dispersal rates and the spatial distribution of harvest rates and CPUE. The effects of animal dispersal have previously been documented in predator‐prey systems (e.g., [Holt 1984](#b16){ref-type="ref"}; [Oksanen 1990](#b28){ref-type="ref"}) but have received less attention in the hunting literature. The inclusion of spatial structure and dispersal therefore provides a complement to earlier methods of evaluating the sustainability of hunting. For instance, [Robinson and Redford\'s (1991)](#b37){ref-type="ref"} method may be more powerful if contrasting heavily hunted and less hunted areas on a relatively small spatial scale, as in our study. Our analysis showed that their method failed to identify any species in our study area as overharvested ([Table 2](#t2){ref-type="table"}), but at the finer spatial scale (the seven zones of hunting effort) it did identify overharvested zones for some species ([Fig. 3a, 3e, & 3x](#f3){ref-type="fig"}).

Similarly, our method may also be combined successfully with that of Bodmer ([Robinson & Bodmer 1999](#b36){ref-type="ref"}). By performing a line‐transect inventory and CPUE measurements in the same area, it would be possible to establish a rough conversion factor from CPUE to population density. The CPUE values could then be converted into population density estimates for comparison with estimated carrying capacities or for calculating production. Furthermore, our method and Bodmer\'s method complement each other because line‐transect inventories are more feasible in areas with high animal densities than in heavily hunted areas with low densities ([Bodmer et al. 2000](#b6){ref-type="ref"}). On the other hand, calculating CPUE is most feasible where hunting effort is fairly high but becomes problematic in areas with low hunting effort because of a small sample size.

One problem with our method is that our indicators likely underestimated the spatial extent of overharvesting. The first indicator, a decreasing harvest rate with an increasing hunting effort, may do so because animal dispersal moves the peak of harvest rates toward higher hunting efforts, changing the correlation between local hunting effort and harvest rate from negative to positive. The second indicator, a low CPUE, may underestimate the spatial extent of overharvesting because animal dispersal smoothes out differences in animal density and because the area with maximum CPUE may also have reduced populations. However, these problems would be reduced through improved knowledge of animal dispersal rates. Appropriate field methods for observing dispersal are available (e.g., [Campbell & Sussman 1994](#b7){ref-type="ref"}; [Fragoso 1998](#b12){ref-type="ref"}), and such data should be collected in a way that allows for quantitative expressions on dispersal rates ([Turchin 1998](#b47){ref-type="ref"}).

A second problem is that the usefulness of CPUE as a proxy for population density depends on the selection of a proper unit of effort ([Salthaug & Godø 2001](#b40){ref-type="ref"}; [Marchal et al. 2002](#b20){ref-type="ref"}). The CPUE estimates in our study could be improved by refining the classification of hunting methods. It would, for instance, be desirable to collect information on the use of dogs because hunters used dogs in zones close to the village but less so in remote areas. This may be one reason the CPUE estimates were high for *L. lagotricha* in zone 1 and why the maximum CPUE for *T. terrestris* and *T. tajacu* was not found in zone 1 but in zones of slightly higher hunting effort. Similarly, it would be desirable to collect information on such hunting methods, such as digging out animals from burrows, or on the variability in walking speed between the wide trails near the village and the almost invisible trails in remoter areas.

Finally, our method assumes a steady state and therefore has reduced validity when change is rapid. Until the rate of change can be verified by repeated observation, our method must be complemented with an assessment of past changes in hunting effort. Our assessment, based on ethnographic sources, interviews, censuses, and retrospective mapping (see [Sadomba 1996](#b39){ref-type="ref"}), is that hunting effort in our study area is increasing but at a fairly moderate rate ([Sirén 2004](#b42){ref-type="ref"}).

The main practical use of our method may be for identifying suitable locations for no‐take areas. Such areas may be the most viable option for wildlife managers in tropical forests. Parallel to this research, we facilitated a process in the community of discussing the problems and possible solutions of wildlife depletion. Community members suggested that the establishment of no‐take areas may be a strategy with a potential for success. The management of such areas can be based on traditional arrangements of hunting rights and existing social structures, whereas banning hunting of certain endangered species may be less socially feasible. In the design of no‐take areas, we suggest that a first step would be the identification of a limited number of target species, to reduce the complications of multispecies management. We further argue that these species should show clear indications of being overharvested but remain important sources of game meat. Moreover, no‐take areas should probably be established where animal densities are reduced but still high enough to have the potential to recover within a reasonable time span. Unless a fairly quick recovery can be observed, motivation on the part of hunters to maintain and comply with hunting restrictions is likely to deteriorate. To adopt these criteria for the present situation, we suggest that three potential target species within the following zones have the most certain potential for fairly rapid improvement: *L. lagotricha* in zones 2 and 3, *T. terrestris* in zone 4, and *T. tajacu* in zones 3 to 6.

In the final decision about where to allocate no‐take areas, it will also be necessary to account for the cost of enforcement and the short‐term cost to hunters in the form of lost hunting opportunities. Our method provides a fairly low‐cost alternative for assessing the status of tropical forest game species at a high spatial resolution, and therefore to inform decisions that could improve the sustainability of hunting in tropical forests.
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